An in vitro system for the study of B-lymphocyte differentiation from precursor elements has been established. Two separate sets of culture conditions are utilized to control B-lymphocyte precursor growth versus differentiation. The first, modeled after the bone marrow culture system of Dexter and colleagues [Dexter, T. M. & Testa, N. G. (1976) in Methods in Cell Biology, ed. Prescott, D. M. (Academic, New York), Vol. 14, pp. 387-395], allows precursor replication whereas the second set of culture conditions is permissive for differentiation to more mature members of the B-lymphocyte lineage. The shift from one set of conditions to the other allows us to follow the kinetics of this differentiation from precursor cells to pre-B and B lymphocytes over a 5-week period. The resulting population of B-lineage cells synthesizes heterogeneous immunoglobulin molecules as analyzed by two-dimensional gel electrophoresis and has a heterogeneous array of immunoglobulin gene rearrangements, suggesting an origin from very early uncommitted precursors. This in vitro system will allow the study of genes that regulate B-lymphocyte differentiation and will ald in the isolation of the cellular intermediates in the B-cell developmental pathway.
B lymphocytes arise from a class of pluripotential hematopoietic stem cells that are first found in the yolk sac of the developing embryo and subsequently found in fetal liver and bone marrow (1) (2) (3) . The later stages of B-lymphocyte development have been well characterized at both the molecular and cellular levels (4) (5) (6) . In contrast, no early intermediates of B-lymphocyte differentiation have been identified, and the precise number and nature of the developmental stages are not known. Little is known about the regulatory events that control the transition from stem cell to the first phenotypically identifiable cell in the B lineage, the pre-B cell.
In vitro analysis of these events would require both a culture system that allows the propagation of stem and precursor cells without their further differentiation as well as a separate set of conditions under which these cells can be induced to differentiate into their more mature counterparts. The former conditions are satisfied by the long-term bone marrow culture system developed by Dexter and coworkers (7) (8) (9) . No identifiable lymphoid elements are produced in these cultures (10) , but their precursor cells are present as demonstrated by the ability of these cultured stem cells to repopulate the lymphoid compartment in vivo (11) (12) (13) (14) (15) .
This paper reports the establishment of conditions under which these B-cell precursors can be induced to differentiate into B lymphocytes in vitro. These culture conditions have been shown to support the long-term growth of B lymphocytes from bone marrow (16) (17) (18) and fetal liver (19) . These two lymphoid culture systems have been used to separate the division and differentiation of B-lymphocyte precursor cells.
The precursor elements present in the hematopoietic culture system can now be studied during differentiation to characterize the kinetics of these events and the nature of the precursor cell.
MATERIALS AND METHODS
Long-Term Hematopoietic Cultures. Long-term hematopoietic cultures were established by a modification of the methods of Dexter and colleagues (7) (8) (9) . Femoral bone marrow (107 nucleated cells) from 5-to 6-week-old BALB/c mice was inoculated into a 25-cm2 plastic flask (Coming) containing 10 (24) . After a 3-hr incubation with virus, the cells were plated in agarose and incubated in a humidified 370C C02 atmosphere.
The plates were fed with an overlay of agarose in medium at day 7 and transformed clones were counted and picked for expansion on day 12-14.
Immunochemical Staining. Cytocentrifuged cell preparations were air dried overnight and subjected to immunochemical staining by using modifications of the procedures of Hofman et al. (25) (26) .
Long-Term B-Lymphocyte Culture. Long-term B-lymphocyte culture was carried out using the conditions described (18) . Adherent layers of bone-marrow stromal cells that have been shown to support B-cell growth (16, 17) (27) . Ten weeks after reconstitution, each mouse was injected intraperitoneally with 70 gg of trinitrophenyl aminoethylcarbamylmethyl-Ficoll (TNP-ACEM-Ficoll; Biosearch, San Rafael, CA). Six days later the animals were bled and sacrificed, and their spleens were removed. Anti-TNP hemagglutination titers ofthe serum and anti-TNP plaque-forming cells as well as CFU-B were assayed as described (27) .
Cell Labeling, Imumunoprecipitation, and Gel Electrophoresis.
Metabolic labeling of cells with [3H]leucine (ICN) or
[35S]methionine (Amersham) was done in the presence of tumicamycin (5 gg/ml, Sigma) as described (17) . After immunoprecipitation with a polyvalent rabbit anti-mouse Ig (a gift of I. L. Weissman), the samples were subjected to two-dimensional gel electrophoresis by the method of O'Farrell (28) as described (17) .
DNA Analysis. High molecular weight DNA was extracted from the A-MuLV-transformed cell lines and 10-jug samples were digested with EcoRI. These samples were electrophoresed in a 0.8% agarose gel and transferred to nitrocellulose filters (Schleicher and Schuell) (29) . The filters were hybridized to a 32P-labeled nick-translated probe corresponding to the JH2, JH3, and JH4 joining regions for heavy chain gene rearrangement analysis or the ii constant region for polymorphism analysis (30, 31 23 .4 (5-35) Nonadherent cells from long-term hematopoietic cultures (6 to 8 weeks after reinoculation) and the shifted cultures (6 to 8 weeks after the shift) were characterized in various hematopoietic cell assays using fresh bone marrow as the positive control. The results are expressed as the average, and the range of the values obtained in two to six independent experiments is in parentheses.
These combined data indicate that these cultures contain recognizable elements of the granulocyte, macrophage, and erythroid lineages as well as myeloid stem cells (CFU-S) but no identifiable lymphocyte-lineage cells. These cultures are essentially identical to the cultures described by Dexter and colleagues (8, 9) .
To demonstrate the presence of B-lymphocyte precursors in these cultures, reconstitution of the immune defective CBA/N mouse was done (27) . Nonadherent and loosely adherent cells from long-term hematopoietic cultures (6 to 8 weeks after reinoculation) were injected into (CBA/N x BALB/c)F1 male mice. Ten weeks later the mice were immunized with TNP-Ficoll and anti-TNP hemagglutination titers of the serum, anti-TNP plaque-forming cells in the spleen and CFU-B in the spleen were assayed. Mice reconstituted with the cultured cells had up to 25% the TNPhemagglutination titer, 90% the number of TNP-plaqueforming cells, and 68% the level of CFU-B as compared to mice reconstituted with an equal number of fresh BALB/c bone marrow cells (data not shown). This was consistent with reconstitutions performed by other laboratories with similar cultures (13, 15) . Thus these hematopoietic cultures contained B-lymphocyte precursors despite the absence of any identifiable pre-B or B cells in these cultures.
B-Lymphocyte Precursors in Long-Term Hematopoietic Cultures Can Develop Along the B Lineage in Vitro. A system has been described previously for the long-term culture of B-lymphoid cells from bone marrow (16) (17) (18) and fetal liver (29) . The growth of the B lymphocytes in these long-term cultures is dependent upon an adherent layer of bone marrow derived stromal cells. These adherent layers of stromal cells can be derived from bone marrow without the concomitant growth of the nonadherent lymphoid cells if low cell densities (3.5 x 105 cells per ml) are used (18) (Fig. 1 Right) .
To examine whether these B-lymphocyte culture conditions could provide a suitable environment for the in vitro differentiation of precursor cells in the long-term hematopoietic cultures, these cells were shifted into B-lymphocyte culture conditions. Nonadherent and loosely adherent cells from long-term hematopoietic cultures were harvested and washed in medium without hydrocortisone. They were then resuspended at a cell density of 0.5-1.0 x 101 cells per ml in RPMI 1640 supplemented with 5% (vol/vol) fetal bovine serum (prescreened for its ability to support long-term B-lymphocyte growth) and 5 x 10-5 M 2-mercaptoethanol. These cells were cultured on bone marrow stromal layers derived from BAB-14 mice, which differ from BALB/c mice by a restriction polymorphism in the Ig heavy chain genes (31) (Fig. 1) . A >90% reduction of the nonadherent cells plated in these shifted cultures was observed during the first 2 weeks. Within 4 to 6 weeks after the shift, a confluent layer of nonadherent cells was present on the adherent stromal cell layer. These cells were lymphoid in morphology (Fig. 2F ) and had no CFU-S or CFU-GM (Table 1 ). In contrast to the long-term hematopoietic cultures, these shifted cultures accumulated high levels of CFU-B and cells transformable with A-MuLV as well as Ig positive cells.
To follow the kinetics of the cellular events in these shifted cultures, cell samples were taken every 3-4 days during the first 4 weeks after the shift. The low numbers of cells present in the shifted cultures during the 2nd and 3rd week necessitated a cell-by-cell analysis on small samples from these cultures. These cell samples were Wright-Giemsa stained and immunochemically stained for cytoplasmic ,u heavy chain and the granulocyte/macrophage antigen Mac-1 (26 (Fig. 2B and Fig. 3) . However, these cells did not have cytoplasmic At heavy chain as judged by immunocytochemistry and repeated attempts at A-MuLV transformation of this population were unsuccessful. This is perhaps indicative of the expansion of an early lymphocyte precursor that has not yet differentiated to the very early B-cell stages transformable by this virus. These cells are thought to be at the threshold of Ig gene rearrangement (32) . Cells with cytoplasmic u heavy chain were first detected 9 days after the shift (0.1%) and increased steadily until stabilizing at a level of 25-30% 4-5 weeks after the shift (Fig.  3) . Cells with lymphoid morphology continued to increase until 5 weeks after the shift (Fig. 2F) Nonadherent cells harvested from cultures 6 weeks after the shift were metabolically labeled in the presence of tunicamycin and immunoprecipitated with anti-mouse Ig antisera. Two-dimensional gel analysis of the Ig synthesized by these lymphoid cells showed it to be IgM with a heterogeneous array of both heavy and light chain variable regions (Fig. 4A) . This heterogeneity was comparable to that seen in the IgM synthesized by splenic B lymphocytes (Fig. 4B) as well as long-term cultured B lymphocytes from fresh bone marrow (16) . This indicated that a B-lymphocyte precursor without rearrangements of either Ig heavy or light chain To analyze this heterogeneity at the nucleic acid level, clonal lines ofA-MuLV transformed cells were obtained from the shifted long-term hematopoietic cultures. High molecular weight DNA from these clones was analyzed by Southern blot for rearrangements at the Ig heavy chain locus (30) . Seven independent transformants were analyzed (Fig. 5) , and each was found to have a unique combination of rearrangements at both heavy chain loci. Although certain rearrangements were seen in more than one clone, no pair of rearrangements is shared by any two clones. The two IgM producing clones had no rearrangements in common. This was further indication of the heterogeneity of these Blymphoid cells. These common bands could represent diversity/joining region (DJ) rearrangements (33) or the result of sibling clones that have undergone further differentiation. 
DISCUSSION
The concept that a stem cell can undergo both differentiation to more mature elements as well as self-renewal has been firmly established (1) (2) (3) . These processes have been well characterized for the myeloid stem cell, the CFU-S cell (2, 20, 34) , but are poorly understood for the lymphoid counterparts ofthese cells. In this paper we report the ability to manipulate early B-lymphocyte precursors to allow only self-renewal in long-term hematopoietic culture and subsequently shift these cells to an environment permissive for expansion as well as Ig gene rearrangement and differentiation.
Using two-dimensional gel analysis and Ig gene rearrangements as criteria for heterogeneity, it appears the population of B-lymphocytes obtained in vitro from precursors present in long-term hematopoietic cultures have a range of diversity comparable to IgM positive B lymphocytes from natural tissues. The number of the precursors in the original hematopoietic cultures is not known. However, the 7-to 10-day delay in the appearance of identifiable pre-B cells indicates this number to be extremely low. The heterogeneity observed in conjunction with the time course of B-lymphocyte appear- Proc. Natl. Acad Sci. USA 83 (1986) _ _ + + _ _ _ ance make it unlikely that a small number of committed B lymphocytes that were not detected in the long-term hematopoietic cultures expanded in the shifted cultures. This implies the presence of very early precursors in the hematopoietic cultures, presumably at a stage prior to Ig gene rearrangement, which differentiate in the environment of the B-lymphoid cultures. There are several alternate possibilities for the nature of the B-lymphoid precursor undergoing differentiation in this culture system. Due to the development of only B lymphocytes in these shifted cultures, the responsible precursor cell could be a committed B-lymphocyte stem cell or a cell further back in the stem lineage that can only undergo commitment to the B-lymphocyte lineage under those conditions. This would include the lymphocyte stem cell that is defective in severe combined immunodeficiency described in both man (35) and mouse (36) or the pluripotenthematopoietic stem cell. Repopulation of either lethally irradiated mice or immune-deficient mice with the cells from these shifted cultures could be performed. Subsequent evaluation of the range of differentiated cell types resulting would be evidence of the capabilities of the precursor cells in these cultures.
It is not known whether the B-lymphocyte precursors present in the long-term hematopoietic cultures are blocked at an early stage of commitment or differentiation or if more mature B-lymphoid cells are produced in these cultures but are unable to survive. The second possibility appears rather unlikely in light of the lag time seen in the production of pre-B and B cells both in vivo (15) and in the present in vitro studies. Therefore, it seems that the environment of the hematopoietic cultures is either not sufficient or prohibitive to further differentiation of the B-lymphocyte precursor cell. This cell is able to proliferate and be maintained in these cultures as they can be detected months after culture establishment (ref.
13; unpublished observations). We have not yet achieved the cloning or purification of the precursor cells, important for their biochemical and molecular characterization.
The use of this dual culture system allows manipulation of B-lymphocyte precursor regulation between self-renewal and maturation in vitro. This is a useful model for investigating of the influences of external factors and regulatory genes upon B-lymphocyte differentiation. The appearance of cells that serve as targets for specific viral transformation can be monitored during in vitro differentiation. This can be used to further identify and characterize the target population of retroviruses such as A-MuLV. In addition, genes implicated in the development of the lymphoid lineage, such as adenosine deaminase (37) , terminal deoxynucleotidyltransferase (38) , and X-linked immunodeficiency genes mapped to the XLR region (39), could be tested for their effect on differentiation by gene transfer into cells in this in vitro system. Combination of molecular approaches and in vivo reconstitution with such in vitro differentiation analysis should lead to greater understanding of developmental gene regulation.
